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Controlled-Diffusion Compressor Cascade at Very
High Incidence
G. V. Hobson* and R. P. Shreevet
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Detailed two-component laser Doppler velocimeter (LDV) measurements of the flow through a controlled-
diffusion (CD) compressor cascade at a Reynolds number of about 700,000 and at a low Mach number are
reported in this article. A very high-incidence angle (8 deg above design) was considered throughout this
investigation, which included the full experimental characterization of the turbulence Held. The LDV mea-
surements were fully automated and were all taken in coincidence mode, thus turbulent flow correlations could
be determined. Most significant was the measurement of the distortion of the inlet freestream turbulence upstream
of the blade leading edges. Such information is important in assessing viscous codes which incorporate transport
equations to describe the turbulence within the flowfield. The laminar leading-edge separation bubble, which
reattached turbulent, was enlarged on the suction surface of the blade. Consistent with measurements at lower
incidence angles, the suction surface boundary layer remained attached over the rear part of the blade. The
pressure side boundary layer initially showed little or no growth, however, it finally developed into a profile
similar to a wall jet. The wake profiles showed significant asymmetry due to the high loading on the blades at
the increased incidence angle.
Nomenclature
= pressure coefficient
^ - correlation coefficient u'v' /[w'2v'2]1/2
p = static pressure _
Tu = turbulence intensity, [u'2]l/2/U
t = time, Eq. (1)
2T = integral scale
U = pitchwise mean velocity component
U' = mean velocity component at 135 deg
Utot = total mean velocity
u' = fluctuating component of U
V = axial mean velocity component
V = mean velocity component at 45 deg
Vref = reference, upstream total velocity
v' = fluctuating component of V
x = pitchwise direction, Fig. 1
y = axial direction, Fig. 1
z = span wise direction, Fig. 2
j8 = air angle, Fig. 1
Xf = characteristic length scale
p = density
p(r) = autocorrelation coefficient
T = delay time ___





T HE need to predict off-design and stalling behavior ofcompressor blade elements for design purposes has re-
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suited in extensive experimental studies to map viscous flow
development in specific geometries. Recently, Elazar and
Shreeve1 reported a two-component LDV mapping of the flow
through the subsonic CD cascade at three incidence angles.
This followed a study by Deutsch and Zierke2"4 of the bound-
ary-layer behavior in a double-circular-arc (DCA) compressor
cascade using a single component LDV system. These two
studies have provided basic, but contrasting, test cases for the
computational fluid dynamic (CFD) simulation of flow through
compressor blading.5"8 In the case of the DCA blading, un-
steady separation was found on the suction surface ahead of
the trailing edge. In the CD blading, the flow was always
attached to the trailing edge at all incidence angles, but the
leading-edge separation bubble grew progressively as the in-
cidence was increased.
Fully successful simulation of such test cases hinges on the
modeling of transition and turbulence. However, if higher-
order turbulence models are used, then a full comparison
cannot be made without detailed measurements of the de-
velopment of the turbulence field throughout the cascade. To
properly establish the inlet boundary conditions for the sim-
ulation, it is important to measure the turbulence develop-
ment upstream of the cascade. This was the motivation for
the present study in which the flowfield through the CD cas-
cade was extensively surveyed at a fixed incidence angle which
was 2 deg greater than the highest incidence reported by
Elazar and Shreeve.1 A larger number of samples were used
than in the previous work to ensure that the turbulence quan-
tities were accurately obtained from statistical averaging of
the data. An interesting development was that some mea-
surements of forward moving seed particles were obtained
for the first time within the separation bubble. This leading-
edge separation bubble was found to be larger than in the
previous studies. As was the case at lower incidence angles,
the suction side boundary layer remained attached at the blade
trailing edge.
Test Facility and Instrumentation
Low-Speed Cascade Tunnel
The subsonic cascade wind tunnel and operating instru-
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Fig. 1 Blade geometry and measurement stations.
cascade has 20 blades, the flow Reynolds number, based on
chord length, was 7 x 104, and the inlet air angle was 48 deg.
Inlet freestream turbulence intensities, as a result of the guide
vanes upstream of the blades, were measured to be 1.5%.
The blades had a chord length of 5.01 in. and a spacing of
3 in., as shown in Fig. 1, which shows the blade passage and
pitch wise locations where all the surveys were carried out.
The blade coordinates and cascade geometry are reported by
Elazar and Shreeve.1
Blade surface static pressure measurements were recorded
with a 48-channel Scanivalve, and the inlet turbulence inten-
sity, power spectrum, and autocorrelation were measured with
a one-component TSI intelligent flow analyzer (IFA) (hot-
wire) system. Standard single sensor hot-wire probes were
used. The viscous flow development was measured using a
fully automated TSI LDV system, as described by Murray.10
Experimental Procedure
Cascade Tunnel Setup
The inlet flow angle was set by adjusting the guide vanes
and inlet walls. The exit flow angle was adjusted by setting
the tailboards at angles which gave nearly uniform down-
stream wall static pressure measurements in the pitchwise
direction across the cascade. The average inlet flow angle was
measured, with the LDV, over three passage widths 31.3%
of an axial chord length upstream of the blade leading edge.
Tunnel Calibration
The tunnel reference velocity (Vref) was determined using
the analysis of Elazar.11 At different tunnel speeds, the inlet
flow velocity was measured (31.3% axial chord upstream)
with the LDV, and the ambient pressure and temperature
and the plenum total pressure and temperature were re-
corded. A least-squares curve fit was applied to the data to
determine the calibration curve. During each subsequent run,
the plenum and atmospheric conditions were recorded and
used as input to a Newton method iteration algorithm to
determine Vref.
Inlet Surveys
All LDV measurements presented in this article are aver-
aged over 3000 data points, and no editing of the histograms
was performed. Olive oil was used as a seed material in a TSI
atomizer which produced approximately l-jum size particles
as measured by Elazar.11
The initial pitchwise survey at station 1 was conducted over
three passage widths to determine the flow periodicity. All
subsequent inlet pitchwise surveys were traversed over a 4-
in. distance, spanning the region of maximum seeding. The
seeding wand was adjustable, however, the adjustment was
done on an arc, perpendicular to the tunnel, thus the seeding
was not always at midspan. This limited the distance over
which the pitchwise surveys could be extended. The first two
inlet surveys, at stations 1 and la, were carried out with the
laser horizontal. Station la was repeated with the laser pitched
upwards by 4 deg. The need for pitching was to allow for
closer access to the leading edge, i.e., so that there would not
be any blade shadow interference at the subsequent stations
Ib-e. At any time during the experiment if the laser was
either pitched or yawed, then the previous survey would be
repeated to enable the determination of any errors due to the
measurement volume orientation. The maximum spatial er-
ror, due to probe volume orientation, was calculated to be
0.3 mm, which was the minimum diameter of the measure-
ment volume. This error was because the probe volume was
not parallel to the blade span, and therefore, seed particles
displaced from the actual measurement location could be
measured. The location of the measurement volume was al-
ways referenced to the same location between the blades
throughout this experiment, the procedure is described by
Elazar.11 The correction for off-axis angular error resulted in
an accurate comparison between the horizontal LDV mea-
surements and the pitched LDV measurements.
The LDV orientation of 4-deg pitch was determined after
experimenting at various angles. The beams converged at 3.1
deg, and a significant dropoff in the data rate was measured
at a LDV pitch angle of 3 deg, which was attributed to the
reflection of the beams from the tunnel window straight back
into the optics. This effect had not been reported previously,
and it was therefore decided to try to optimize the data rate
and not incur too large a spatial error due to the LDV ori-
entation. This resulted in the choice of 4 deg.
Passage Surveys
The passage surveys (between blades 7 and 8) were con-
ducted with four different laser configurations.
1) The suction side close to the leading edge was surveyed
from stations 2 and 7. The LDV was yawed by 4 deg to the
left and pitched upward by 2 deg to avoid the laser beams
being shadowed by the blade.
2) The LDV was yawed by 4 deg to the right and pitched
downwards by 2 deg to access the pressure side of the blade
close to the leading edge. All surveys from stations 1 to 7
were conducted with the LDV optics "standard," i.e., the
488-nm blue beam measuring the horizontal velocity com-
ponent, and the 514.5-nm green beam measuring the vertical
velocity component.
3) The optics were rotated by 45 deg and the LDV was
yawed by 4 deg to the left to access the suction side of the
blade from station 7 to 15. All subsequent measurements were
carried out with the optics rotated with the green beam mea-
suring V and the blue beam U'. Suitable frequency shifting
(which was kept at a constant magnitude of 1 MHz) changes
had to be made so that the shifting was always in the same
direction as the flow.
4) The LDV was yawed to the right by 4 deg to access the
pressure side at the rear of the blade.
At each station within the passage, a complete survey com-
prised two different surveys, each originating from the ad-
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Fig. 3 Inlet pitchwise survey (over three passage widths).
gion. All surveys were initiated from the first location off the
blade surface which gave a minimum data rate of 10 samples/
s. The subsequent traverse points were stretched from the
surface by a factor of 1.2. Because the adjacent surveys were
carried out as much as one month apart, it was necessary that
the tunnel was run within a plenum pressure tolerance of less
than 1% to ensure good matching of the velocity profiles at
midpitch, even though tunnel corrections were being applied.
Wake Surveys
Surveys at stations 15a and 15b were made behind blade
7, and the LDV was pitched downwards by 4 deg to access
those locations close to the trailing edge. Surveys at stations
16-19 were completed over two passage widths with the LDV
horizontal.
Periodicity and Two-Dimensionality
No end-wall suction was employed during this investigation,
so the two-dimensionality of the flow upstream and down-
stream of the blades near the blade midspan had to be verified.
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
X(in)
D Blade no. 8 + Made no. 7
Fig. 4 Blade wake surveys (two wake profiles); mean velocity.
In Fig. 2, the results of spanwise surveys about the midspan
are presented at the inlet (31.3% axial chord upstream) and
exit (22.2% axial chord downstream). The seeding arrange-
ment only allowed spanwise surveys of ±1.5 in., over which
the flow was uniform both in magnitude and direction.
The inlet pitchwise flow distribution was determined over
three blade passages to verify inlet flow uniformity and pe-
riodicity. The periodic upstream influence of the blades on
the flow uniformity was evident at this location. There was
about a 3% variation in magnitude of the total velocity (Fig.
3a) and the flow angle (Fig. 3b). The slight decrease in velocity
magnitude and flow angle with increasing X, which was also
evident in the endwall static pressure distribution, was felt to
be acceptable.
A downstream periodicity check was performed by survey-
ing the wakes of blades 7 and 8. The superposition of these
profiles is presented in Fig. 4 which shows good repeatability
of the mean velocity.
Results and Discussion
Blade Surface Pressure Distribution
The surface static pressure distribution as measured on blade
number 10, which was fully instrumented with pressure taps,
is presented in Fig. 5. In comparison to the pressure distri-
bution for the lower incidence test cases, the blade is more
highly loaded, and the loading has shifted towards the leading
edge. The pressure gradient, on the suction side, does not
level off between 10-30% chord as in the previous cases, but
shows a steady increase in pressure over most of the suction
surface. Towards the trailing edge, however, the pressure
gradient levels off, which is a precursor of flow separation.
The pressure surface static pressure distribution shows almost
the same behavior as at all previous incidence angles.
Inlet Turbulent Power Spectrum, Autocorrelation, and Length Scale
In an attempt to characterize the inlet freestream turbu-
lence, a hot wire was used to measure the inlet flow two chord
lengths upstream of the blades. The turbulence intensity (1.5%)
corresponded to that measured by the LDV. In addition to
the above measurements of turbulence intensity, both the
power spectral density and the autocorrelation of the stream-
wise component of the turbulence were recorded. The au-
tocorrelation coefficient of a fluctuating function u(t) depends
only on the time difference r — t' — t, and is defined in
Tennekes and Lumley12 as
p(r) = [u(t)u(t')IU*\ (1)
where ris a variable "delay" time and the product is averaged
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Fig. 5 Pressure coefficient distribution.
Fig. 6 Hotvvire measurements of the inlet turbulent autocorrelation.
The value of 2T, which is always assumed to be finite, is a
rough measure of the interval over which u(t) is correlated
with itself. From Taylor's hypothesis, as presented by Hinze,13
iiu'lU « 1, then the turbulent eddies retain an approximate
constant shape as they pass by the fixed hot-wire sensor. Then
the autocorrelation is approximately equal to a space corre-
lation with separation Ur in the x direction:
p(x)= p(Ur) (3)
Using Eqs. (2) and (3), a "characteristic" length scale, the
streamwise integral scale A/} can be determined from
A, = m (4)
The autocorrelation which was measured is presented in
Fig. 6, which shows the distribution of the coefficient over
0.01-s time interval. The integral scale was determined to be
24 mm.
The power spectrum of the turbulence was typical of a
freestream turbulence power spectral density distribution. The
distribution was similar to the von Karman theoretical spec-
trum for one-dimensional isotropic turbulence, the form of
turbulence expected to result in the flow "far" from the tur-
bulence generating grids (in this case the inlet guide vanes).
Unfortunately the high-frequency limit could not be measured
because of a 20-MHz limitation of the TSIIFA 200 digitizer.
Inlet Pitchwise Surveys
The inlet velocity and turbulence intensity distributions are
shown in Figs. 7a and 7b. A near uniform level of turbulence
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Fig. 7 Inlet pitchwise survey at station 1.
This indicates that the turbulence was isotropic and that the
wakes from the inlet guide vanes had fully mixed out at this
axial station (31.3% upstream).
At station Id, which is 1% of chord upstream of the leading
edge, the mean flow was distorted considerably, as shown in
Fig. 8a, with as much as a 50% variation in the total velocity
across the passage. The turbulence intensity shown in Fig. 8b,
in the region of the stagnation streamline, was increased by
as much as an order of magnitude, and a breakdown in the
periodicity of the turbulence is evident. The Reynold stress
in this region, as shown in Fig. 8c, was negative on the pressure
side and positive on the suction side.
Passage Surveys
Mean flow results are presented in Fig. 9a for the passage
measurements at station 3 (5.2% of chord aft of the leading
edge), which was within the leading-edge separation bubble.
Only forward moving seed particles were measured in the
"bubble" region, resulting in the positive velocity distribution
close to the suction surface (at zero nondimensional passage
width). Three possible explanations for this phenomena are
suggested. First, the flow is unsteady in this region and the
separation bubble may not always be present, thereby re-
sulting in forward moving particles when the bubble is absent.
Second, as pointed out by Johnson,14 the flow in this region
is locally three-dimensional, and therefore the separation may
be rolling up into streamwise vortices (surface oil-film visu-
alization seemed to indicate this). Third, only particle trace
analysis will determine this, the seed particles may not follow
the flow in this region of significant streamwise acceleration
and deceleration. The flow unsteadiness was shown by the
significant increase in turbulence intensity, in the free shear
layer of the separation bubble, as seen in Fig. 9b.
Measurements at station 7 are shown in Fig. 10. By station
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Fig. 9 Passage survey at station 3.
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c) Reynolds stress
Fig. 8 Inlet pitchwise survey at station Id.
reattached turbulent and the growth of the suction surface
boundary layer extended to 15% of the passage width. Of
note here is a measurement anomoly in the pressure side
boundary layer. The measuring volume orientation may have
biased the measurements toward the high-speed range, and
there was noticeable scatter in the data in this region that also
appeared as a significant increase in the turbulence intensity
(Fig. 10b). At station 7 the optics were rotated by 45 deg,
and all subsequent measurements were carried out with the
same beam orientation.
At the trailing edge the passage survey was normal to the
blade surfaces, thus it could also be interpreted as a boundary-
layer survey. The results are shown in Fig. lla. The suction
side boundary layer has grown to 30% of the passage width,
but remained attached. The pressure side boundary layer has
developed as a wall jet which covered 5% of the passage
width. The turbulence intensity increased to 12% on the U'
component, and above 9% on the V component at about
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Fig. 12 Wake survey at station 15b.
d) Reynolds stress
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lence in the boundary layer. The turbulence intensity in the
inviscid region had not increased significantly from the inlet
value of 1.5%, as shown in Fig. lib.
Wake Surveys
Although the suction side boundary layer was attached at
station 15, the flow did separate from the blunt trailing edge
(most probably into two recirculation regions). The wake
measurements at 3% axial chord downstream of the trailing
edge, shown in Fig. 12a, shows this flow reversal. The mea-
sured velocity components have been transformed into axial
and tangential components. As shown, two locations (at X
= 0.0 and 0.03 in.) had reverse mean flow velocities. The
associated turbulence intensity distribution is given in Fig.
12b, which shows the asymmetry of the wake.
The reversed flow in the wake region had mixed out by
station 16 (5% axial chord downstream). A complete set of
data are presented further downstream at 14.15% axial chord
downstream of the blades, in Figs. 13a-d. The time mean
velocity distribution (Fig. 13a) shows an asymmetric wake and
good periodicity. Periodicity was not reproduced in the tur-
bulence field as shown in Fig. 13b, particularly on the U'
component. The turbulence was anisotropic in the wake re-
gion and also in the inviscid region of the adjacent passage
(behind blades 6 and 7). Periodicity was also somewhat lost
in the exit flow angle distribution (Fig. 13c). For complete-
ness, the Reynolds stress and correlation coefficient distri-
bution are shown in Fig. 13d, which is positive across the
wake.
Complete Flowfield Measurements
Finally, in summary, the complete flowfield which was
measured with the LDV is presented as a vector plot in Fig.
14. Of note here is the significant acceleration of the flow
over the suction surface at the leading edge, giving rise to the
suction pressure shown in Fig. 5. Also of significance is the
amount of entrainment of the flow into the suction surface
boundary layer which continues in the wake. This entrainment
should give rise to a static pressure distribution in the stream-
wise direction in the wake. It is felt by the authors that any
computational validation of these results will have to accu-
rately predict the entrainment effect and the pressure rise.
This is particularly important if accurate predictions of the
losses are to be obtained. The importance of accounting for
the static pressure changes in the blade wake when deriving
losses from LDV measurements alone has been described
recently by Shreeve et al.15
CD FLOWFIELD
Fig. 14 Complete flowfield mean velocity vector plot.
Conclusion
At this very high-incidence angle, the laminar leading-edge
separation bubble, which reattached turbulent, was enlarged.
Although LDV measurements were taken in the bubble re-
gion, only forward moving particles were measured. Possible
reasons have been given.
Consistent with earlier measurements at lower incidence
angles, the suction surface boundary layer remained fully at-
tached over the rear part of the blade. The pressure side
boundary layer initially showed little or no growth. The flow
profile near the trailing edge on the pressure side resembled
a wall jet velocity profile.
Flow reversal was measured in the near wake. Further
downstream of the blades, the wake profiles showed signifi-
cant asymmetry.
Of most significance was the measurement of the distortion
of the inlet freestream turbulence which occurred upstream
of the blade leading edges. For viscous code assessment, this
information is essential if transport equations are used to
calculate the turbulence field through the cascade. If the in-
crease in turbulence intensity is not accurately predicted, nei-
ther the subsequent development of the blade surface bound-
ary layers nor the occurrence of separation can be accurately
computed.
Finally, the authors will furnish a diskette containing the
processed LDV measurements (in a form similar to those
presented in this article) for all the measurement stations.
These data will be furnished upon written request.
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